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Abstract
Hydrogen embrittlement jeopardizes the use of high-strength steels as critical load-bearing components
in energy, transportation, and infrastructure applications. However, our understanding of hydrogen
embrittlement mechanism is still obstructed by the uncertain knowledge of how hydrogen affects
dislocation motion, due to the lack of quantitative experimental evidence. Here, by studying the well-
controlled, cyclic, bow-out movements of individual screw dislocations, the key to plastic deformation in
α-iron, we find that the critical stress for initiating dislocation motion in a 2 Pa electron-beam-excited H2

atmosphere is 27~43% lower than that under vacuum conditions, proving that hydrogen lubricates screw
dislocation motion. Moreover, we find that aside from vacuum degassing, dislocation motion facilitates
the de-trapping of hydrogen, allowing the dislocation to regain its hydrogen-free behavior. Atomistic
simulations reveal that the observed hydrogen-enhanced dislocation motion arises from the hydrogen-
reduced kink nucleation barrier. These findings at individual dislocation level can help hydrogen
embrittlement modelling in steels.

Main Text
Steels, consisting mainly of iron, constitute the most important workhorse material class of our modern
society, often serving in parts of vital importance, be it in power plants, vehicles, buildings or critical
infrastructures. In the coming of a hydrogen-based economy, however, this critical function is at risk due
to hydrogen embrittlement, a sudden and often catastrophic deterioration of the material’s load-bearing
capacity. While multiple hydrogen embrittlement (HE) models, such as hydrogen-enhanced localized
plasticity (HELP)1,2, hydrogen-enhanced decohesion3 and hydrogen-stabilized superabundant strain-
induced vacancies4 have been proposed, consensus has yet to be reached on the effects of these
mechanisms. Also, direct experimental proof of the influence of hydrogen at the single defect scale is
missing. The latter problem can be attributed to the fact that hydrogen is the smallest and fastest among
all solute atoms, which makes it difficult to probe into its influence on individual lattice defects. Also,
challenges arise from the formidable complexity of the HE phenomenon, owing to the often-intricate
interplay of several mechanisms. Consequently, some of the reported macroscopic observations are
contradictory and, in many cases, it is difficult to associate hydrogen-related macroscopic embrittlement
with one distinct lattice defect type and mechanism. At the macroscale, hydrogen has been shown to
cause both hardening and softening in pure iron5,6, while in regions below the fracture surface, hydrogen
has been found to be able to either enhance7,8 or reduce plastic activity9,10. At the micro- and nanoscales,
and even at atomic scales, the main debate revolves around the question of the effect of hydrogen on the
kinetics of dislocations11–16. According to the classic Cottrell and Snoek theories, diffusible interstitial
atoms including hydrogen are expected to form an atmosphere around the dislocation, causing a drag to
dislocation motion17,18. Interestingly, Birnbaum, Robertson and coworkers observed the opposite, namely,
the mobility of dislocations was enhanced in several metallic materials, including α-titanium19,
aluminum20, nickel21, 316 austenitic steel22 and α-iron23. They attributed this effect to elastic shielding of
the dislocation’s stress field by the hydrogen atmosphere that was assumed to surround the dislocation
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core. The H-enhanced dislocation mobility was proposed as the “root cause” of HE, serving as core
evidence for the HELP theory2. However, these results have been challenged by recent atomistic
simulations, which did not reproduce H-enhanced dislocation mobility but instead demonstrated a
hydrogen-induced drag effect in aluminum24 and α-iron25. On the experimental side, we confirmed some
of these theoretical hypotheses, viz. a hydrogen-induced pinning effect of dislocations24, only for the
case of aluminum, which has a face-centered-cubic (FCC) structure and contains dislocations with
narrow planar cores of dissociated leading and trailing partials. For metals with a body-centered-cubic
(BCC) structure, such as α-iron, tungsten etc., the motion of screw dislocation via kink pair formation and
propagation is the rate controlling process of the deformation at room temperature, owing to the non-
planar, three-fold symmetry of the screw dislocation core26,27. However, direct experimental observations
that clearly reveal the hydrogen effect on kink pair formation and the associated screw dislocation
motion at a single defect scale is still lacking, although hints from theory exist14,15,28−30.

The classic works by Birnbaum, Robertson and coworkers were based on the use of environmental
transmission electron microscopy (ETEM), introducing H2 at several thousand pascals, in conjunction
with special straining holders to impose constant stress or constant strain boundary conditions to metal
foil specimens23,31. Their experimental setup was designed to change the hydrogen atmosphere during or
after dislocation glide19–23. However, to reach unequivocal interpretation of their observations, there are a
few unclear issues that motivated us to develop an alternative experimental setup for revisiting the
hydrogen effect on dislocation mobility. Firstly, before introducing hydrogen into the ETEM chamber, the
observed dislocations were usually at rest20–22, thus making it impossible to observe any hydrogen-
related drag or pinning effects. Secondly, when thousands of pascals of H2 were flooded into or pumped
out of the ETEM chamber within a few seconds, this might have altered either the local distribution of the
internal stress or the external load which had been assumed to remain constant. These effects might
have affected the initially resting dislocations, triggering their motion due to their high sensitivity to
stress. Finally, it is generally difficult to preclude surface notch and bending effects and the associated
stresses on dislocation motion in such thin foil experiments. Also, as the dislocations observed usually
have their ends pinned on the foil surfaces19,22,23, the velocity of dislocation motion would be largely
determined by the destabilization rate of pinning points and the spacing between them. However,
dislocation pinning can be altered by hydrogen adsorption on metal surfaces under electron beam
illumination, especially in the case of hydrogen-induced reduction of the surface oxides (which are
otherwise always present) or removal of organic contaminants from the surface32. These considerations
fuel our motivation to perform well-controlled experiments that are capable of reducing substantially the
impact of these factors, particularly related to uncontrolled surface pinning of dislocations, ill-defined
surface reaction effects that may cause changes in the mechanical boundary conditions, as well as
variable stress effects due to the use of thin foils. Avoiding these experimental constraints is essential for
conducting well-controlled experiments, thereby gaining unequivocal experimental evidence for the effect
of hydrogen on individual dislocations.
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In this work, we designed a new and fully quantitative in situ ETEM mechanical testing protocol, as
illustrated in Fig. 1, which enables the observation and comparison of the bow-out motion of the same
dislocation segments under both vacuum and hydrogen-containing atmospheric conditions. To avoid the
thin-foil problems above, we prepared submicron-sized free-standing cylindrical α-iron pillars, which were
subjected to cyclic stresses with the aim to remove most of the pre-existing dislocations (referred to as
the mechanical annealing effect33) while retaining a few individually isolated dislocations that exhibited
stable bow-out configuration and well-controlled motion between the pinning points (Fig. 1b and c). The
controlled dislocation motion was exactly repeated in series of multiple consecutive testing cycles by
maintaining a constant cyclic stress of low magnitude (locally depending on bow-out stress), thus
allowing for quantifying the variation in the dislocation’s response upon varied environments in a highly
controlled manner, as shown in Fig. 1d. The uniaxial compressive loading mode combined with in situ
observation allows us to quantify the stress required for activating the movement of each individual
dislocation and its glide distance, alternatingly in vacuum and under hydrogen atmosphere, respectively.

A pillar with top diameter of ~300 nm was prepared for the cyclic compression tests. As shown in Fig. 2a,
a platinum layer of ~150 nm in thickness was applied on the pillar top to protect it from non-uniform
contact with the diamond punch during the multiple compression tests, thereby avoiding additional
contact-induced dislocation emission. This design detail provided well-defined, controlled and repeatable
contact boundary conditions. The as-fabricated single-crystal iron pillar contained a high dislocation
density, making it difficult to track the behavior of individual dislocations, without the optical and
mechanical influence of neighboring dislocations. To reduce the dislocation density inside the pillar to a
small value, allowing for their individual observation, we applied the mechanical annealing treatment,
which contains a set of moderate cyclic compression and relaxation loading operations to promote
dislocation escape and annihilation (see Supplementary Fig. 1). Since the Peierls stress of screw
dislocations is at least one order of magnitude larger than that of edge dislocations in BCC crystals at
zero temperature due to their non-planar core34, the mobility of screw components of a general curved
dislocation is intrinsically much lower than that of edge components. It follows that the applied stress
will drive the edge components out of the pillar first, so that after this mechanical treatment, most mixed
dislocations had been transformed into pure screw ones with a Burgers vector ½<111>, as shown by the
characterization results presented in Supplementary Fig. 2 and Supplementary Table 1. Such screw
dislocations usually form long straight lines along the <111> Peierls valleys, pinned by dislocation jogs or
at surfaces, as shown in Fig. 1b. Under an applied shear stress, movement of these dislocations usually
starts from the longest free dislocation segments between pinning points, gradually changing its shape
from a straight into a bowed-out dislocation, as shown in Fig. 1c, a process thus referred to as bow-out
motion hereafter. Upon unloading, the dislocation segment springs back to its original equilibrium
shape/position, indicating that the bow-out motion is reversible and no new pinning in the temporarily
sheared region had taken place. Therefore, by gradually lowering the peak stress in the ensuing
mechanical cycles we maintained these stable and reversible bow-out configurations, neither adding nor
removing pinning points. In this way we were able to reproduce the motion of the exact same dislocation
segment in a well-defined and fixed local position hundreds of times, enabling the quantitative and
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repeatable observation and comparison of its kinetic parameters across different loading atmospheres
(Fig. 1d). Compared with previous experiments, this experimental setup minimizes the influence on
dislocation motion arising from the variation of surface and boundary conditions and inhomogeneous
stress landscapes.

Figure 2a shows a typical dislocation (marked as #1) that exhibited stable and fully reversible bow-out
motion under cyclic compression, thus suitable for detailed observation and analysis under the two
different types of atmospheric conditions (vacuum versus hydrogen). The dislocation was identified as a
dominantly screw-type defect with its Burgers vector ½<111> and slip plane {112} (see Supplementary
Fig. 2 and 3), constituting the slip system {112}<111>. The atmospheric control experiments started with
a testing session under vacuum (before hydrogenation), which consisted of a total of 11 consecutive
load cycles numbered N = 1-11 (Supplementary Movie 1). Identical load-time functions were applied to all
cycles, corresponding to a normal stress oscillation between the valley stress (σmin) of ~21 MPa and the
peak stress (σmax) of ~211 MPa. After confirming that the bow-out motion was stable, fully reversible and
reproducible in this first vacuum test run, we exposed the sample to a ~2 Pa H2 under electron
illumination for about 2 hours. Previous experiments have shown that when the 2 Pa H2 is excited by the

high voltage electron beam, the equivalent fugacity can reach hundreds of MPa35,36. Using Sieverts’ law28

and 500 MPa hydrogen fugacity, the equilibrium bulk hydrogen concentration in iron was estimated to be
~2 atomic ppm. Although the local hydrogen concentration at the dislocation core may be much higher
than this value, the dislocation configuration was confirmed to remain unchanged throughout the
hydrogenation process, as shown in Supplementary Fig. 4.

We then applied the same load-time function for the ensuing load cycles (renumbered N = 1, 2…), after
hydrogenation (see Supplementary Movie 2). The movement of dislocation #1 was compared before and
after hydrogen exposure. After hydrogenation, we can see that under the same cyclic stress, the bow-out
movement of dislocation #1 displayed an enlarged amplitude, as indicated by the comparison between
its configuration at σmax in vacuum and in hydrogenated state (Fig. 2b). To further quantify the
hydrogenation-induced change in dislocation motion, we performed a frame-by-frame correlation
between loading time/stress and the position of dislocation #1 in the movie recorded during the whole in
situ tests. In each cycle, the movement of dislocation #1 was activated only when the applied stress
increased above a critical value, which we referred to as dislocation activation stress (σc). Then the
dislocation continued to move, until reaching the maximum projected glide displacement (δmax) at the
peak stress σmax, as shown in Fig. 2c. The measurement results of δmax and σc in each cycle, as shown in
Fig. 2d and 2e, confirmed that the glide of dislocation #1 after hydrogenation can reach a larger distance
than that under vacuum, and the average δmax increased by ~65% from 10.8±0.6 nm in vacuum to
17.8±3.3 nm under hydrogen. Moreover, the average value for σc was reduced by ~28% from 104.8±7.4
MPa to 5.6±8.0 MPa after hydrogenation. Using the Schmid factor of 0.471 for the {112}<111> slip
system, the critical resolved shear stress (τc) for the activation of dislocation #1 can be calculated as
49.4±3.5 MPa and 35.6±3.8 MPa before and after hydrogenation, respectively. These effects of hydrogen
on the motion of the screw dislocation were further corroborated by another group of controlled
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experiments (Supplementary Note 1; Supplementary Fig. 5; Supplementary Movie 3 and Movie 4), with
the dislocation motion showing ~27% lower σc and ~64% larger δmax after hydrogenation. Therefore, our
experimental results prove that the screw dislocation moves easier (at 27~28% lower stress, with 64~65%
larger shear distance at the same load) after exposure to 2 Pa electron-beam excited H2. In other words,
hydrogen substantially enhances the screw dislocation motion in α-iron.

We further performed a stress analysis to elucidate if there is any relation between the changes in σc and
δmax. When a dislocation is bent into a curved shape with a radius of curvature r, a responsive opposite
shear stress τbow arising from the dislocation line tension tends to straighten the dislocation back and the
τbow at σmax in each cycle can be calculated using the methods outlined in Supplementary Note 2 and
Supplementary Fig. 6. Both τc and 𝜏bow act against the applied stress. Considering that the bowing
dislocations only sweep a small area when in motion, we can assume that the local stress environment
remains uniform, i.e., the long-range elastic interactions among the observed dislocations and other
defects have negligible change. Under this assumption, we find that the sum of τc and τbow is almost
identical (see Supplementary Fig. 7), indicating that the enlarged δmax is a direct result of the reduced σc.
Moreover, it was clearly shown that the fluctuations of the δmax increased after hydrogenation, as
indicated in Fig. 2d and 2e, where the measured standard deviation of the averaged δmax was increased
from ~0.6 to ~3.3 nm. Such increased fluctuations imply that the redistribution of hydrogen in the
sample arising from the loading stress and from the position change of the dislocation is not exactly
identical in all of the cycles. During loading, the compressive loading stress tends to drive hydrogen out
of its trapping positions at dislocations and vacancies30,34, entering the pillar volume and finally leaving
the specimen into the surrounding environment. In contrast, if all lattice defects remain unchanged, the
hydrogen is assumed to maintain its original distribution, as the thermal activation is below the trapping
depth37,38. This type of load-driven hydrogen degassing thus seems to affect the observed dislocation
motion.

It is worth noting that our experiments prove the hydrogen-enhanced screw dislocation motion only for
the case of low hydrogen concentrations. With increasing hydrogen concentration, it is possible that other
hydrogen effects might prevail, for instance in light of a recently published model that suggests that a
hydrogen-drag effect on kink propagation will become the rate-limiting process for screw dislocation
motion15. Under such circumstances, even hydrogen-inhibited screw dislocation motion was suggested to
occur, based on simulations15. Indeed, our previous work has also experimentally shown hydrogen-
inhibited dislocation motion in FCC aluminum24, but via hydrogenated vacancies rather than directly via
interstitial hydrogen atoms. Such hydrogenated vacancies have also been reported to affect kink pair
nucleation and migration, thereby imposing large resistance to screw dislocations in BCC metals30,39.
These different experimental results and simulation trends indicate that the hydrogen-dislocation
interaction depends on the specific material probed, on the dislocation types that predominantly carry the
deformation and also on the specific hydrogen and vacancy concentrations. In our study, the drag effect
caused by hydrogenated vacancies is not dominant in the α-iron pillars. This means that not many
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superabundant vacancies had formed under the condition probed here (e.g., at the early stage of plastic
deformation). However, this is not in contradiction to the theory of hydrogen enhanced strain-induced
vacancy formation4, as larger numbers of vacancies are in BCC metals mostly formed through the jog
drag mechanisms, an effect less relevant at low and moderate strains.

Next, we changed the loading environment from hydrogen atmosphere back to vacuum, to see if the
dislocation response under load could be reversed after switching the atmosphere back to vacuum. In the
loading cycles in 2 Pa H2 that followed N = 12 (see Supplementary Movie 2), the configuration of
dislocation #1 changed due to an accidental depinning event. We thus had to increase the stress
amplitude of the following loading session to introduce another similar dislocation (marked as #2 in
Fig. 3a), turning it into a stable bow-out motion (see Supplementary Movie 5) using cyclic loading
between σmin (~35 MPa) and σmax (~353 MPa), making it accessible for the following observation. The
stress-induced change in shapes and positions of dislocation #2 in cycles before and after degassing are
shown in Fig. 3b-d. Throughout all the 23 load cycles imposed during the testing session immediately
before degassing, the stress-driven dislocation motion was almost the same, with average δmax = 6.2±0.5
nm and σc = 182.3±20.8 MPa. Then, the hydrogen inlet was closed, and within only two minutes, the

specimen chamber of the ETEM was pumped to high vacuum (< 5×10−4 Pa). In the following 3 hours, the
sample stayed under vacuum for further degassing. Such a long degassing time is sufficient for the
hydrogen in the sample to assume a new equilibrium distribution. After degassing, we applied the same
cyclic load and observed that in the first cycle, the dislocation moved to almost the same δmax as that in
the cycles before degassing, but in the ensuing 8 load cycles, the average δmax of dislocation #2
gradually decreased, from 6.2 nm to 1.8 nm (see Fig. 3b-f and Supplementary Movie 6). Meanwhile, the
measured σc after degassing remained at the first reload cycle and then gradually increased until
reaching a plateau value of 321±7 MPa after the 9th cycle, showing a ~43% lower activation stress σc in
hydrogenated state than in its hydrogen-free state (Fig. 3e and 3f). These results demonstrate the fully
reversible nature of the hydrogen-dislocation interaction, consistent with the recovery of conventional
plastic flow observed in bulk metals with low hydrogen concentration after degassing5.

We also note that the recovery of dislocation response after switching back to vacuum is unexpectedly
slow, since even after ~3 hours of degassing in vacuum, it still takes ~20 seconds, or ~10 load cycles, for
dislocation #2 to gradually recover its stable cyclic motion under vacuum. Due to the high diffusivity of
hydrogen in α-iron (DH, of the order of 10−9~10−8 m2·s−1 at room temperature40), the time for hydrogen to

diffuse out of the pillar (approximated by L2/4DH, where L ~ 1000 nm is the characteristic length scale) is
estimated to be less than 1 second. This means that the time lapse (2 s) during each individual load cycle
is sufficient for hydrogen to redistribute and reach a new equilibrium distribution inside the pillar. Given
the fact that the full restoration of the dislocation behavior after switching from hydrogen back to
vacuum requires multiple load cycles, hydrogen traps should play a critical role in the overall recovery
kinetics. Even after hours of aging under vacuum condition, the traps can still retain a certain amount of
hydrogen, which is released only slowly during the ensuring load cycles, so that its effect on dislocation
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motion remains active until the hydrogen stored in these traps is gradually decreased below a critical
level. Considering that no strong hydrogen traps, such as grain boundaries or precipitates, are present in
our sample, the delayed restoration of the dislocation behavior must originate from other traps, such as
dislocations or vacancies30,37,38.

One possibility to explain this phenomenon of delayed hydrogen release and the observed gradual
restoration of the dislocation behavior is the de-trapping of hydrogen from dislocations during their
motion (rather than from vacancies), due to the following reasons. On the one hand, hydrogen in α-iron
has a lower binding energy at the screw dislocation core (EH−screw = 0.26~0.29 eV) compared to

vacancies (EH−Vac = 0.56~0.64 eV)38,41, thus making hydrogen detachment from screw dislocation easier.
On the other hand, vacancies are almost immobile under the stresses applied here, due to their spherical
stress field which is insensitive to shear stresses, while screw dislocations readily move upon shear
loading by nucleation, propagation and annihilation of kink pairs, thus helping to shake off the attached
hydrogen. The fact that the hydrogen-induced enhancement in dislocation motion gradually faded with
successive oscillating motion of the dislocations also indicates that for each load cycle, only a small part
of the attached hydrogen atoms was shaken off, and thus multiple load cycles are required to exhaust
the weakly trapped hydrogen from the screw dislocation lines. Also, as the motion of screw dislocations
requires kink pairs, which have edge character, and some of the hydrogen can become re-trapped at these
kinks, before finally being shaken off with repeated cycling. Such mechanically-assisted degassing effect
suggests that to further eliminate dissolved hydrogen in metals and alloys, mechanical treatment can be
an effective auxiliary option, in addition to traditional thermal annealing treatments. This means that the
mitigation or even elimination of the hydrogen-enhanced local plasticity effect is only possible when
hydrogen trapped at dislocations is ‘shaken off’ by cyclic mechanical loading. In order to better
understand the trapping and removal at and from the core of screw dislocations, respectively, we further
analyzed these phenomena by atomistic simulations.

To identify the underlying mechanisms of hydrogen-enhanced dislocation motion, we performed
atomistic simulations based on the nudged elastic band (NEB)42,43 approach. The NEB method allows us
to identify minimum energy paths (MEPs) between known configurations and associated activation
energies. The simulations were here used to study the elementary process of thermally activated screw
dislocation motion in the absence and presence of a hydrogen atom, respectively. The simulation setup is
shown in Supplementary Fig. 8. The NEB results in Fig. 4a reveal the representative MEPs of screw
dislocation glide under the resolved shear stress τyz = 24 MPa (Supplementary Note 3). Similar to

previous reports about the glide of screw dislocations in BCC metals without hydrogen44,45, it is the
correlated kink pair nucleation that controls the activation mechanism. Furthermore, the hydrogen atom
breaks the symmetry of the screw dislocation core region and in this way can serve as an energetically
favorable site for kink nucleation (see Fig. 4b and 4c), leading to a lower energy barrier (from E = 0.47 eV
without hydrogen to EH = 0.42 eV with hydrogen) for screw dislocation glide. Supplementary Fig. 9
demonstrates the stress-dependent activation energies, revealing that the reduction of the energy barrier
(ΔE = E - EH = 0.05 eV) is not sensitive to the resolved shear stress range studied (τyz = 0~58 MPa).
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Earlier atomistic calculations have shown that the trapping of a hydrogen atom in the kink is expected to
be stronger than that in the kink-free dislocation core, thus lowering the Peierls barrier of kink
nucleation29,30. We further unveiled the atomistic mechanism of the binding energy difference of
hydrogen at various positions via tracking the intermediate atomic configurations of the kink nucleation
process around the hydrogen atom, as shown in Fig. 4f and 4g. We find that the size of the interstice
available for accommodating the hydrogen atom, i.e., the volume of a polyhedron (ΩH) consisting of six

nearest iron atoms around hydrogen, increases from 12.4 Å3 to 13.4 Å3 for a hydrogen atom in its saddle-
point configuration (Fig. 4g) compared to that in its initial relaxed configuration (Fig. 4f). When viewed
along the dislocation line (positive Z direction), the atomic rows around the hydrogen atom vary from
strong clockwise chirality46 (1→2→3) to weak counter-clockwise chirality (1→3→2), which is close to the
hard-core configuration with the largest size of interstitial site30 accommodating the hydrogen atom. The
larger size of interstice volume for hydrogen in the saddle-point configuration results in the larger binding
energy compared to its binding energy in the initial relaxed configuration, leading to the reduced kink
nucleation barrier. Also, such a positive activation volume and strong binding energy imply a positive
hydrogen Gibbs excess ΓH

* at the saddle state relative to the ground state, further reducing the activation

free energy by applying the Gibbs adsorption equation to the activated state47. Thus the hydrogen atoms
promote kink nucleation and decrease the critical stress of dislocation glide. This effect has also been
validated via our molecular dynamics (MD) simulations. Fig. 4h demonstrates the MD results for
dislocation glide, with and without hydrogen atoms at room temperature. It is found that in the presence
of randomly distributed hydrogen atoms (0.4 hydrogen atom per nanometer), the critical shear stress
decreases from 32 MPa to 22 MPa, which is qualitatively consistent with our experimental results, i.e., τc

of dislocation #1 reduces from 49.4 MPa to 35.6 MPa.

To recapitulate, we have demonstrated that after exposing α-iron to 2 Pa H2, the critical stress for
activating the motion of screw dislocations was reduced by 27~43% while the maximum glide distance
of the bow-out motion was enhanced by >64%. At first glance, these results resemble the conclusions
from the classic works of Birnbaum, Robertson and coworkers19–23, revealing that hydrogen promotes
dislocation motion, leading to hydrogen-enhanced local plasticity2. However, compared with the
experimental setups used in these earlier works, the experimental setup introduced here offers a few
major differences. Firstly, our setup allows to run the experiments in such a way that either hydrogen-
induced inhibition (solute-drag or pinning effects) or hydrogen-induced promotion for dislocation motion
is possible to be observed (Fig. 1d). Secondly, our samples are charged under a load-free state with low
gas pressure and the subsequent reloading was carefully calibrated to be exactly the same as before
hydrogen charging. Finally, in the current study the same set of pinning points were maintained
throughout the loading and hydrogen charging experiments, thus leaving the basic dislocation
configuration unaffected in its bow-out motion. Hence, we were able to perform in situ mechanical
experiments under varying environmental conditions with a novel approach that allows a painstakingly
precise control of all boundary conditions by reducing undesired influences from surface pinning and
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local stress changes, thereby obtaining unequivocal experimental evidence for hydrogen-enhanced screw
dislocation motion.

In non-hydride-forming metals, the HELP mechanism, as one of the most important HE mechanisms, is
regarded as a key mechanism contributing to HE, as frequently revealed by metallographic features
stemming from enhanced dislocation activity beneath either intergranular or transgranular fracture
surfaces in iron and steels7,48. One critical element of the HELP model is the hydrogen-enhanced
dislocation activity (e.g. mobility) at the early and intermediate stages of deformation, prior to the
formation of microvoids. This is usually interpreted as a result of the elastic shielding effect, which has
been proposed on the basis of experimental observations that reported hydrogen-induced reduction in the
spacing among piled-up edge dislocations31. In this work, we provide a compelling piece of evidence of
another factor contributing to the increase in dislocation activity, namely, hydrogen-enhanced screw
dislocation motion in α-iron. We show that this effect arises from the reduction of the kink nucleation
barrier during screw dislocation glide.

On the application side, we have introduced an additional novel hydrogen removal and degassing
strategy by modest mechanical cycling, which can help further remove hydrogen atoms still attached to
dislocations after vacuum or thermal degassing. Such mechanical degassing has certain advantages
over the conventional thermal degassing practice, as it confines to a minimum influence of the degassing
effect on the microstructure and thus on the mechanical properties, making this approach highly suited
as a new degassing protocol in industrial practice.

Methods
Sample preparation. Rectangular lamellae with dimensions of ~30 × 20 × 5 µm3 were cut from a one-side
polished single crystalline α-iron disk (where the purity of the used iron was ~ 99.99%) using a focused
ion beam instrument (FIB) FEI Helios NanoLab 600, operated at 30 keV. The so prepared sample was then
transferred and mounted to a mechanical testing rig employing the built-in FIB lift-out system. The
cylindrical pillars with an aspect ratio (length/diameter) of ~3 were fabricated on the lift-out lamellae
using the same FIB instrument. To minimize any potentially harmful side effects stemming from the Ga+

beam induced irradiation damage and geometrical tapering of the sample longitudinal shape, the milling
current in the final step was reduced to values below 20 pA.

In situ mechanical tests. All mechanical in situ tests were carried out inside of a Hitachi H-9500 ETEM
using a Hysitron PI95 H1H sample holder. The holder was equipped with a flat diamond punch which was
driven by a Micro-electromechanical Systems (MEMS) transducer. The transducer operated at a force
resolution of ~300 nN and a displacement resolution of ~2 nm. Both, the mechanical loading direction
and the electron-beam direction were oriented along the <100> crystallographic axis of the α-iron sample.
Monotonic uniaxial compression tests were performed under displacement control mode at a strain rate
of ~ 5×10−3 s−1. The cyclic compression and relaxation tests were conducted in load control mode, and
the period of each cycle was 2 s (1.0 s loading + 1.0 s unloading). The applied stress that was imposed
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during each cycle oscillated from a low valley stress to a peak stress to carefully and stepwise
manipulate the movement of the mobile dislocations. Hydrogenation of the pillar was conducted under
an electron-beam intensity of ~1.2 nA µm−2 in a 2 Pa H2 environment. Degassing lasted over a period of

3 hours under high vacuum (< 5 × 10−4 Pa) under switched-off electron-beam conditions. Real-time
movies of the in situ mechanical tests were recorded using a Gatan 832 CCD camera, operated at an
image acquisition rate of 10 frames per second.

Atomistic simulations. Supplementary Fig. 8 shows the 3D simulation cell containing a right-hand screw
dislocation at its fully relaxed ground state. Relaxation was conducted by the conjugate gradient method
at 0 K. The simulation cell had dimensions of 5.6 × 5.6 × 47.5 nm3 and contained a total number of
~80,000 atoms. A periodic boundary condition was imposed along the dislocation line (Z-[111] direction),

while the surfaces along the X-[ ] and Y-[ ] directions were maintained traction-free. Two 0.6-nm-
thick slabs were ଁxed at the two ends of the simulation cell in the Y direction. The shear stress required to
move the dislocation was exerted by imposing a displacement-controlled boundary condition on the top
slab, while the bottom slab was held fixed. We performed NEB calculations in conjunction with an
embedded atom method (EAM) potential of FeH41 using the atomistic simulation toolbox LAMMPS49.
MD simulations were also performed at room temperature for the same simulation setup. The constant
shear strain rate of 1×108 s−1 was exerted in the canonical ensemble (NVT). The hydrogen atoms were
randomly embedded into the region around dislocation core in the simulation cell. To obtain average
virial stress, we performed 20 independent MD simulations using the NVT ensemble with random initial
velocities. The visualisation tool OVITO50 was employed to perform common neighbour analysis to
clearly display the screw dislocation.

Data availability
The data that support the findings of this study are available from the corresponding authors upon
reasonable request.
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